The human genome encodes several hundred E3 ubiquitin ligases containing RING domains, and around 28 containing HECT domains. These enzymes catalyze the transfer of ubiquitin from E2 enzyme thioesters to a huge range of substrates and play crucial roles in many cellular functions. This makes them attractive potential therapeutic targets. However, they have proven difficult to inhibit: very few good inhibitors exist for RING domain ligases, and none have been described for HECT ligases. Here we show that bicyclic peptides isolated by phage display [Heinis C, Rutherford T, Freund S, Winter G (2009) Nat Chem Biol. 5(7):502-507] can target the E2 binding sites on the HECT domains of Smurf2, Nedd4, Mule/ Huwe1, and WWP1, and thus act as specific inhibitors of these enzymes in vitro. By screening for displacement of one of these peptides from Smurf2, we were able to identify a small molecule, heclin (HECT ligase inhibitor), which inhibits several HECT ligases in tissue culture cells. In vitro, heclin does not block E2 binding but causes a conformational change that results in oxidation of the active site Cys. This demonstrates that HECT domains are potentially druggable and provides molecules that may be of experimental use. Heclin kills HEK293 cells growing in culture, consistent with an essential role for HECT ligase activity in mammalian cells.
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inhibitor | ubiquitin | HECT ligase | phage display U biquitin ligases are involved in almost every important function of cells, including the removal of misfolded proteins, the regulation of signaling pathways, DNA repair, the cell cycle, and apoptosis (1) (2) (3) (4) . This broad range of functions is mediated by a large number of E3 ubiquitin ligases, which recognize a similarly large range of substrates. Ubiquitination begins with the ATP-dependent formation of a ubiquitin (Ub)-E2 enzyme thioester intermediate by the E1 enzyme. The E3 enzymes then transfer ubiquitin from this intermediate to a lysine residue on the substrate (3) . There are two main classes of E3: the RING domain ligases and their relatives, of which there are several hundred in humans, and the HECT domain ligases, which number around 28 (5) (6) (7) . Because of their diversity and numerous functions and the fact that some ligases are frequently overexpressed in cancer cells, ubiquitin ligases have attracted much attention as possible targets for therapeutic intervention (2, 5, 6, 8) .
Despite this interest, it has proven challenging to make small molecule inhibitors of ubiquitin ligases. The action of these enzymes involves primarily protein-protein interactions among them, the Ub-E2 conjugate, and the substrate. For the RING enzymes, this is simultaneous, and the Ub moiety is transferred directly from E2 to substrate; for the HECT ligases, the interaction is sequential, with a thioester-linked Ub-E3 intermediate forming transiently. Such protein-protein interactions are considered difficult to block with small molecules. Added to this difficulty has been the complexity of the ubiquitin system, with ligases having many substrates and many proteins being substrates for multiple ligases (6, 9) . Despite these problems, peptide and small molecule inhibitors have been successfully obtained that specifically target the substrate binding site of Mdm2, a RING ligase that acts on p53, and consequently activate the p53 pathway (10, 11) . However, only a few other inhibitors of RING ligases have been published (12, 13) , and none have been published that inhibit HECT ligases in vivo.
Here we describe both peptide-based specific inhibitors of individual HECT ligases and a small molecule inhibitor with broad specificity for these enzymes. Using a previously described phage display method (14), we isolated bicyclic peptides (bicycles) that bind specifically to the HECT domains of Smurf2, Nedd4, WWP1, and Mule/Huwe1. We found that these frequently targeted the E2 binding site and inhibited ligase activity in vitro. We then used Alpha screening technology (15) to identify molecules that disrupted the bicycle-Smurf2 interaction. We identified one compound, termed heclin (HECT ligase inhibitor), that inhibits a range of HECT ligases in vitro and in tissue culture cells, with IC 50 s in the low micromolar range. In vitro, heclin does not prevent E2 binding but induces a conformational change that results in spontaneous oxidation of the active site cysteine. Heclin allows clear distinction between RING and HECT-mediated ubiquitination, and on prolonged exposure, heclin can kill growing cells.
Results and Discussion
Isolation of Bicycles that Bind to Smurf2 and Nedd4. The bicycle method makes use of a phage library displaying peptides containing three Cys residues. The phages are treated under mild conditions with Tris-(bromomethyl)benzene, which reacts with all three cysteines, forming two peptide loops of six amino acids linked to the benzene ring (14, 16) . We screened this library for phages that bound to His-tagged Smurf2 HECT domain immobilized on Ni-NTA beads (Methods). After three rounds of selection, using imidazole elution to release all bound phages, the population was dominated by a single bicycle sequence (bicycle
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The ubiquitin system controls a wide range of processes in cells and provides attractive drug targets for the treatment of cancer and other diseases. However, it has proved difficult to obtain inhibitors of the ligases that conjugate ubiquitin to substrates, of which there are hundreds. One class, the HECT (homologous to E6AP C terminus) domain ligases, receives ubiquitin from an E2 enzyme and transfers it to substrate. We have selected bicyclic peptides that block the E2 binding site of individual HECT ligases, as well as a small molecule, heclin (HECT ligase inhibitor), that broadly inhibits these ligases in cells. These inhibitors demonstrate that HECT domains are druggable targets and provide tools to study ubiquitination. The same approach could be used to select further HECT inhibitors. A-1; Fig. 1A ). Because this bicycle could bind to any part of the HECT domain, and our goal was to find inhibitors of activity, we repeated the selection, using the E2 enzyme UbcH7 to elute. The rationale was that this should preferentially elute bicycles that occupy the E2 binding site on the HECT domain, which in turn should be competitive inhibitors of activity. Surprisingly, the selected phages were again dominated by a few sequences very similar to the initial one, suggesting the E2 binding site is a preferential site for bicycles to interact (bicycles B-1 and B-2; Fig. 1A ).
Because the sequence convergence was strongest in the first of the bicycle loops, we sought to improve affinity by preparing a phage library in which the first loop was fixed and the second loop randomly varied. Two rounds of selection from this library showed convergence on two new sequences in the second loop (RYR and YIH; Fig. 1A and Fig. S1 ).
As with all members of the Nedd4 family of ligases, Smurf2 is normally inhibited by intramolecular interactions (17, 18) , but the isolated HECT domain is constitutively active. We were thus able to assay chemically synthesized bicycles for their ability to inhibit auto-ubiquitination of the Smurf2 HECT domain in an ELISA (Fig. 1B) . The best bicycle (Smurf2-RYR) inhibited ubiquitination with an apparent IC 50 of 2 μM in the presence of 2.8 μM UbcH7 and was chosen for further study. As a direct measure of binding affinity, we used isothermal titration calorimetry, which showed a K d of 2.5 μM, which was comparable to the IC 50 value (Fig. S1 ).
We used a similar approach with the Nedd4 HECT domain. Again, we found convergence on a small number of bicycle sequences (Fig. 1C) . Maturation of the first loop of the best binder (A-11) resulted in reselection of a very similar sequence (Nedd4-RGS), suggesting affinity could not easily be improved by this means. Assay of ubiquitination, as shown by ELISA as well as immunoblotting, gave an apparent IC 50 of around 8 μM (Fig. 1D and Fig. S2 ). The observed IC 50 increased when the concentration of E2 enzyme was increased (Fig. S2) , consistent with the expected role of the bicycle as a competitive inhibitor of E2 binding.
The ability to create bicycle inhibitors appears to be a general property of HECT domains. Following the same methodology, we were able to obtain bicycles that inhibit Mule/Huwe1 and WWP1, with IC 50 s of 1-8 μM when assayed with 750 nM UbcH5 ( Fig. 1E and Fig. S3 ).
Specificity of Bicycle Binding. Testing of phage binding with different HECT domains showed that binding was highly specific. The Smurf2-RYR phage did bind the HECT domain from Smurf1, which is more than 80% identical in sequence, but did not bind the HECT domains of Nedd4, Nedd4L, or WWP1. The Nedd4-RGS phage bound only Nedd4 of these five tested HECT domains ( Fig. 2A) . Similarly, biotinylated synthetic versions of the Nedd4 and Smurf2 bicycles could pull down their target proteins selectively from lysates of HEK293T cells (Fig. 2B ).
Bicycle Binding Involves the E2 Binding Site. Crystal structures of the HECT domains of E6AP and Nedd4L bound to E2 enzyme show that the E2 binding site is a concavity on a specific subdomain whose surface is largely defined by an alpha helix, a beta strand, and a loop between them (19, 20) . Point mutations in the corresponding alpha helix of Nedd4 (EY680/1AH, based on ref. 19) and Smurf2 (WI535/6CT, ref. 21) efficiently blocked binding of phages bearing the corresponding bicycles (Smurf2* and Nedd4*; Fig. 2A ), as well as pull-down of the HECT domains from 293T cell lysates by biotinylated bicycles (E2m; Fig. 2C ). These results suggest bicycles can inhibit the enzymes by obstructing the E2 binding site. Phage-bearing bicycles that inhibited Mule or WWP1 were similarly unable to bind to the corresponding HECT domains in which the E2 binding site was mutated (Fig. S3) .
We confirmed that the bicycles recognize the E2 binding region by creating a chimera of the Mule HECT domain in which this region (residues 4,152-4,214 of the intact protein) was replaced with that of Nedd4 (residues 680-740 of Nedd4-1 isoform 4). The wild-type Mule HECT domain was pulled down by biotinylated Mule-specific bicycle M6, whereas the chimera could only be precipitated by the Nedd4-specific bicycle (Fig. 2D) . Because the chimera contained only wild-type sequences, this is good evidence that the main determinant of bicycle binding is indeed the E2 binding domain.
Small Molecule Inhibitors of Bicycle Binding. Our results show that bicycles can provide highly specific inhibitors of HECT domain activity, but we found it difficult to deliver them effectively into cells for in vivo studies. Instead, we exploited their properties in a screen for small molecule inhibitors. Specifically, we used Alpha screen technology (PerkinElmer) to search for compounds that blocked binding of a biotinylated Smurf2 bicycle to a GST-HECT fusion, reasoning that these might also block E2 binding. The bicycle and HECT were immobilized on streptavidin and anti-GST IgG coated donor and acceptor beads, respectively. In the Alpha assay, an optical signal is obtained when donor and acceptor are linked by ligands, and compounds that disrupt the binding result in a decreased signal (15) . A counter screen using biotinylated GST to link the beads was used to eliminate compounds that interfere nonspecifically with the optical readout. From some 17,500 compounds, we selected around 30 of the best hits and screened them for their ability to inhibit Smurf2 activity in vitro and in vivo. For the in vivo assay, the Smurf2 HECT domain was expressed as a GFP fusion protein in HEK293 cells; being constitutively active, this protein becomes ubiquitinated and rapidly degraded, but if it is inhibited, ubiquitination is reduced and the protein is stabilized. Around half the compounds demonstrated inhibitory activity in vitro, but only one showed consistent, albeit weak, inhibition in vivo of both Smurf2 and Nedd4 (compound I; Fig. 3A) . To search for a better inhibitor, we purchased three closely related compounds (II, III, and IV) and characterized this set in more detail. The compounds showed very similar inhibitory profiles with three different HECT domains of the Nedd4 family in vitro, with the closely related compounds I and III being most potent (Table 1 ). Compound I was also able to inhibit the distantly related HECT ligases Ube3c and Mule.
Although they had similar activities in vitro, compound III was strikingly more effective than compound I at inhibiting autoubiquitination of the Smurf2 HECT domain in vivo (Fig. 3B) . Ubiquitinated Smurf2 disappeared after about 30 min of treatment, whereas unmodified protein steadily accumulated (Fig.  3C) . A dose-response showed loss of ubiquitinated protein with an apparent IC 50 , based on densitometry of the ubiquitinated bands of 9 μM, which is comparable to the in vitro value (Fig.  S4) . It may be that the weaker activity of compound I in cells is a result of reduced availability, perhaps because of interaction with a serum or cellular component. Given its activity, we named compound III heclin.
In vivo, heclin remained active for at least 4 h, and its action on Smurf2 was reversible even in the presence of cycloheximide, implying reactivation of existing ligase (Fig. S4) . We next tested it in an assay for the ubiquitination and degradation of the Dishevelled protein (Dvl). Dvl contains a PY motif and is a substrate for several members of the Nedd4 family (22) (23) (24) (25) , which bind PY motifs via their WW domains. This was readily demonstrated by coexpression of Dvl2 with Smurf2 and other ligases. Full-length Smurf2, Nedd4, and WWP2 all showed inhibition by heclin in this assay (Fig. 4A) . Smad1 ubiquitination by Smurf2 was also inhibited (Fig. S4) . We also tested a variety of enzymes with Ndfip2, a membrane protein that activates, and is a substrate for, Nedd4 family ligases (17) . WWP1, WWP2, Nedd4, and Nedd4L all promoted ubiquitination and degradation of Ndfip2, and this was inhibited by heclin (Fig. 4B) . Lower levels of heclin-sensitive Ndfip2 ubiquitination were detectable without coexpression of a ligase, presumably resulting from the activity of endogenous Nedd4-like ligases.
To test activity on other endogenous HECT ligases, we used a construct in which ubiquitin is fused to GFP, with the final Ub glycine residue mutated to valine, which prevents its removal. Such fusions are subject to additional ubiquitination and degradation, with the ubiquitination being ascribed to multiple HECT domain ligases including TRIP12, Mule/Huwe1, and possibly HectD1 (26, 27) . Fig. 4C shows that addition of extra Ub molecules was prevented by heclin, but not by the inactive compound II. In contrast, heclin did not reduce steady-state levels of ubiquitinated total protein (Fig. S4) , nor prevent the increase in ubiquitination immediately after a brief heat shock (Fig. 4D) ; in fact, both were slightly enhanced. This ubiquitination is presumably mediated predominantly by RING domain ligases, and as a further control, we also observed no effect of heclin on the auto-ubiquitination of the RING domain ligase Mdm2 in vitro, using the same E1 and E2 enzymes as for the HECT ligases (Fig.  S4) . We conclude that heclin is active against a range of HECT ligases but does not perturb the ubiquitin system more generally.
Cell Killing by Heclin. Although the above experiments show that cells can tolerate heclin treatment for several hours, exposure for 24 h led to the death of growing HEK293 cells. Given the involvement of HECT ligases in many important cellular processes, this is likely to be the direct result of their inhibition. In support of this, cell killing by the related compounds I-IV correlated well with their inhibitory abilities in vivo ( Fig. 4E; cf. Fig.  3B ), with compound I being less potent than heclin and compounds II and IV being nontoxic even at 200 μM. The median lethal concentration for heclin on growing cells was 45 μM, which is about five times higher than the IC 50 for Smurf2. However, precisely which HECT ligase or ligases are critical for life, and whether heclin has any additional effects, remain unknown.
Mechanism of Heclin Action. In vitro, heclin inhibited ubiquitination activity within a few minutes, did not cause significant aggregation of the E3 ligase, and did not inhibit the activity of the E1 enzyme in the assay (Fig. S5) . However, unlike the bicycles, it did not appear to be a competitive inhibitor of E2 binding, as the IC 50 was little affected by an eightfold increase in E2 concentration. Moreover, a fluorescence polarization assay that directly measures HECT binding to E2 (28) also showed no effect of heclin (Fig. S6) .
To gain further insight into the mechanism of inhibition, we performed hydrogen/deuterium exchange studies with the Smurf2 HECT domain in the presence or absence of heclin or bicycle. In this assay, the protein is exposed to D 2 O, which allows hydrogens in the amino group of the peptide bonds to be exchanged for deuterium. Exchange is stopped at various times by reducing the pH, the protein digested with pepsin, and the deuterium content of peptides determined by mass spectrometry (29) . Because the rate of exchange depends strongly on tertiary structure and solvent accessibility, such studies can give information about binding or protein conformation, which are revealed by changes in the kinetics of deuterium incorporation into specific peptides (30, 31) . Fig. 5 (Lower left) shows a plot of the difference in percentage deuteration of each Smurf2 peptide induced by the bicycle, averaged over all replicates and time points (see Dataset S1 for the full data). Two regions, each covered by multiple peptides, showed significant reduction in exchange. Both of these are located in the E2 binding region, as defined by reference to the crystal structures of Nedd4L and E6AP HECT/E2 complexes (19, 20) (Fig. 5) . This suggests that, as expected, the bicycle binds in this region, thereby reducing solvent accessibility. Other minor differences were also observed, but these are closer to the background variation seen when different datasets for the HECT domain alone are compared (SI Methods and Fig. S7 ), and thus are harder to interpret.
The effects of heclin were quite different. Increased protection was observed for a loop on the underside of the C-lobe (676-697) close to the active site cysteine, and more weakly for the adjacent hinge region and the tip of a helix on the N-lobe that abuts the loop in the Smurf2 crystal structure (Fig. 5) . Conversely, decreased protection was seen for the FDEKE sequence at position 617 and two additional regions that are adjacent to FDEKE in the structure (see plot in Fig. 5 ). The HECT C-lobe is very flexible in position, and its function requires oscillation between different orientations (32) . One places the active site cysteine close to the E2 site, where it can receive ubiquitin (as exemplified by the crystal structure of WWP1) (33) , and another places it far away, in a conformation that allows transfer of ubiquitin to a substrate lysine (as seen in the Smurf2 crystal structure) (21) . The changes induced by heclin are unlikely to reflect direct contact with this small ligand but are, instead, consistent with movement of the C-lobe from a conformation similar to that in the WWP1 crystal to one more similar to that in the Smurf2 crystal (Fig. S7) . Such movement could hinder transfer of Ub thioester from the E2 to the HECT domain. Indeed, analysis of reactions on nonreducing gels, which preserve thioesters, showed no E3-linked Ub when heclin was present (Fig. 6A) . The E3-Ub thioester is normally a transient intermediate, but certain point mutations in the yeast HECT ligase Rsp5 have been shown to prevent transfer of Ub to substrate lysines, thus allowing the thioester to accumulate (32) . An equivalent mutation in Smurf2 (D433A, corresponding to Rsp5 D495A) allowed detection of the thioester and confirmation that heclin prevented its appearance (Fig. 6B) .
In our in vitro assays, heclin was typically preincubated with the GST-HECT fusion protein before addition of the rest of the reaction mix. Surprisingly, we found that inhibition was greatly reduced if DTT was added to the preincubation, but not if it were added later ( Fig. 7A ; for more comprehensive data, see Fig.  S8A ). This suggests that the full effect of heclin requires the ligase to be oxidized. Analysis of GST-Smurf2 on nonreducing SDS gels showed that heclin induced both dimeric and heterogeneously migrating monomeric forms of the protein, and the concentration of heclin required for this effect matched that required for inhibition of activity (Fig. 7B ). This effect was rapid and could be prevented by prior addition of DTT, but was not easily reversed if was added later. It occurred also with GST-Nedd4 but was abolished by mutation of the active site cysteine; heating the samples in SDS and mercaptoethanol largely restored the normal monomeric forms (Fig. 7 C and D and  Fig. S8B) .
These results suggest that in the presence of heclin, the active site Cys is reversibly oxidized, presumably to the highly reactive sulfenic acid form (34) . This is then likely to form a disulfide link, which would be reduced more slowly. GST fusions are dimeric in solution (Fig. S5D) , and some of the links are evidently to the other subunit of this dimer. Incubation of heclin-treated enzyme in glutathione-coated plates, which provide both a reducing agent and a binding site for GST, restored activity to the bound protein, showing that inhibition is reversible (Fig. S8C) .
We used tryptic digestion and mass spectrometry to characterize the cross-links in GST-Smurf2. Free peptide containing the active site Cys was absent after heclin treatment, but it could be found disulfide-linked to a Cys close to the C terminus (Fig.  S8 D-F) . Because these two residues are not close enough in the crystal structure to allow easy intrachain linkage, this explains the tendency to form dimers. The heterogeneity of the oxidized protein suggests multiple linkages may occur, which potentially could include sulfenamide formation with lysine residues (34), but no other linkages were detected in this experiment. These results are distinct from those of the deuterium exchange experiments, which were performed with the isolated monomeric HECT domain under conditions that preserve the active site Cys in thiol form, even after heclin treatment (as shown by the recovery of peptides covering this site; see Dataset S1).
Together, our results are consistent with a model in which heclin binds to the HECT domain and perturbs the natural orientation of the C lobe (as shown by hydrogen/deuterium exchange), and in so doing, not only makes the active site Cys more prone to oxidation but also allows it to reach side chains with which it can react. The relatively slow subsequent reduction of the reaction products means inhibition of the enzyme is greatly enhanced.
An implication of this model is that there is a resting state for the HECT C lobe that protects the Cys from the effects of oxidation but allows it to accept Ub on binding of the E2. Once charged with Ub, the active site Cys has to be free to reach substrate lysine residues; by favoring this free conformation, heclin allows exposure of an uncharged, oxidation-prone form of the Cys. The potency of heclin in cells strongly suggests HECT inhibition is similarly enhanced by oxidation in vivo. This would not be unprecedented: Despite the generally reducing nature of the cytoplasm, active site cysteines with low pK a are readily oxidized (34) , and sulfenic acid forms of many proteins, including the E1 ubiquitin activating enzyme, can be detected in living cells under normal conditions (35) .
The precise molecular requirements for heclin activity, and the fact it does not inhibit other cysteine-containing enzymes such as the E1 or E2 proteins, suggest HECT ligases contain a welldefined common binding site. We have not so far been able to identify this site, although the cleft between the E2 binding domain and the rest of the C lobe is one candidate. Variation between HECT domains should allow isolation of improved inhibitors, with higher affinity and specificity. However, in some circumstances, the broad specificity of heclin may be desirable, as it can block the modification of substrates that are targets for multiple HECT ligases.
Methods
Protein Expression, Cell Transfections, and in Vitro and in Vivo Ubiquitination Assays. These assays were performed essentially as described previously (17) . For details, see SI Methods.
Phage Library Screening and Bicycle Isolation. These were similar to reported methods (14, 16) . For details, see SI Methods.
Alpha Screen for Small Molecule Inhibitors. This was optimized and performed according to the manufacturer's recommendations (PerkinElmer), with the assistance of MRC Technology. For details, see SI Methods.
Biophysical Methods. Fluorescence polarization assays were performed as described in ref. 28 . Hydrogen-deuterium exchange was essentially as described in ref. 30 . For details of these and other biophysical methods, see SI Methods.
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